Long-term aged [343 K (70°C) for 30 months and natural exposure for over 10 years] Al 5456 H116 samples were characterized using electron backscatter diffraction (EBSD), scanning transmission electron microscopy (STEM), state-of-the-art energy-dispersive X-ray spectroscopy (EDS) systems, and small-angle neutron scattering (SANS). ASTM G-67 mass loss tests of the sensitized Al 5456 alloy samples were conducted. Intragranular Mg-rich precipitates, such as Guinier-Preston (GP) zones, were confirmed in Al 5456 H116 aged at 343 K (70°C) for 30 months, and the volume of these precipitates is 1.39 pct. b¢ phase is identified at the grain boundary of a navy ship sample, while high-resolution STEM results reveal no intragranular precipitates. Intergranular corrosion (IGC) of Al 5456 was found to be related to the continuity of intergranular precipitates.
I. INTRODUCTION
ALUMINUM 5xxx alloys are widely used in naval ships and offshore structures due to their excellent balance of strength, ductility, weldability, and corrosion resistance. [1, 2] Unfortunately, because the major alloy element, Mg, is supersaturated in the alloy matrix, Al 5xxx alloy (e.g., 5083 and 5456) will become sensitized to intergranular corrosion (IGC), and stress corrosion cracking (SCC) when exposed to temperatures between 323 K and 473 K (50°C and 200°C) for extended periods of time. [3] [4] [5] The IGC/SCC behavior occurs as a consequence of the precipitation of grain boundary (GB) b phase (fcc), Al 3 Mg 2 , which is anodic relative to the Al matrix, and will be selectively dissolved in seawater. [3] [4] [5] [6] Considerable research has been conducted to identify the mechanism of b phase-related corrosion in Al 5xxx alloys. [7] [8] [9] [10] Based on the previous research on Al-Mg alloys, the equilibrium b phase forms by the following reaction sequence: solid solution to Guinier-Preston (GP) zones to b¢¢ to b¢, and finally to b phase. [11] [12] [13] [14] [15] GP zones form at relatively low temperature and have the same structure as the Al matrix (but enriched in Mg atoms). [16, 17] However, there is controversy regarding the critical Mg concentration required for GP zone formation. [18, 19] Nozato and Ishihara [18] found that GP zones were able to form in Al alloy with 7.6 to 12.5 at.pct Mg when the aging temperature is lower than 313 K (40°C). In contrast, Autono et al. [19] stated that GP zones can only form in Al alloys with Mg concentrations higher than 13 pct (from room temperature to 573 K (300°C)). Based on TEM analyses and diffraction studies, b¢¢ phase (Al 3 Mg) has been shown to have an L1 2 crystal structure, [20] [21] [22] and it is coherent with the Al matrix. [16] b¢ phase is a metastable phase with a stoichiometry of Al 3 Mg 2 (hcp), and it is semi-coherent with the Al matrix. [17] Studies by Nebti et al. [23] and Goswami et al. [24] suggest that b phase appears around 448 K (175°C). Additional information indicates that given sufficient aging time (as long as 12 months), b¢ and b phases are also found to form at 343 K (70°C) on pre-existing particles as well as at grain boundaries. [25] In addition, b¢¢ phase has been observed to form directly (without the appearance of GP zones) from highly concentrated (Mg ‡ 20 at.pct)Al-Mg alloys. [16] The sensitization behavior of Al 5456 H116 has been investigated by several research groups, [26] [27] [28] [29] [30] and ASTM-G67 mass loss of Al 5456 H116 aged at relatively high temperature ( ‡373 K (100°C)) for short terms have been reported. [26, 31] Long-term sensitized experiments of Al 5456 H116 aged at different temperatures [313 K to 343 K (40°C to 70°C)] revealed that a higher aging temperature led to a faster sensitization rate. [30] In addition, an intergranular b phase growth model based on a collector plate mechanism was developed to predict the continuity of b phase, [28, 29] which was then applied to predict the ASTM-G67 mass loss of Al 5456 H116 based on a linear relationship between mass loss and continuity. Yan et al. [32] aged Al-Mg (5.3 wt pct) alloy at 448 K (175°C) for one week and they found that low-angle grain boundaries (£15 deg) had better corrosion resistance than high-angle grain boundaries (>15 deg). In order to improve SCC resistance, sensitized Al 5456 H116 was processed by ultrasonic impact treatment (UIT), shot peening, to obtain severe plastic deformation. A deformation layer with a thickness ranging from 10 to 18 lm was found to form on the surface of Al 5456 alloy. The size of nanograins presented in the deformation layer ranged from 2 to 200 nm, and intergranular b phase became discontinuous in the deformation layer. [33] Roth and Raynal [34] investigated the effects of different Mg concentrations (Al-7 pct Mg and Al-11.5 pct Mg alloys) and different aging temperatures (room temperature for 1 year, and 3 months at 313 K (40°C) and then room temperature for 9 months) on the precipitation of GP zones using small-angle neutron scattering (SANS). No GP zones were observed in the Al-7 pct Mg samples under either thermal exposure protocol. In contrast, GP zones were found to form in the Al-11.5 pct Mg sample, and the size of GP zones formed in the sample aged for 3 months at 313 K (40°C) and then room temperature for 9 months is larger than that of the sample aged at room temperature for 1 year. Additional research [35] was conducted on Al-7 pct Mg and Al-11.5 pct Mg alloys aged at 273 K (0°C) for 9 months by the same research group, and GP zones were only identified in the Al-11.5 pct Mg alloy sample. Dauger et al. [36] characterized a single crystal (parallel to (110) orientation) of Al-13at. pct Mg alloy aged at room temperature for several months using TEM and SANS, and their results reveal that the modulated contrast observed by TEM is related to GP zones formed along h100i directions.
While a wealth of evidence indicates that b phase forms in Al 5456 H116 after long periods of exposure to relatively high temperature, little information exists on the precipitation behavior of b phase in naturally exposed outdoor samples. The present work examines the precipitates formed within a sample obtained from a US navy ship (made from Al 5456 H116) in service for more than 10 years. In addition, a commercial Al 5456 H116 alloy was aged at 343 K (70°C) for as long as 30 months to mimic long-term, natural ship exposure conditions.
II. EXPERIMENTAL PROCEDURES
Commercial Al 5456 H116 alloy samples and an Al 5456 H116 bulk sample cut from a US navy ship were used in this study. The chemical composition of Al 5456 H116 alloy is shown in Table I . Commercial Al 5456 H116 alloy was exposed to 343 K (70°C) for 1.5, 2, 3, 4.5, 6, 9, 12, 18, 24, and 30 months in air. The electron backscatter diffraction (EBSD) sample was prepared using SiC polishing papers (P240 and P600), UltraPol polishing cloth with 9 lm suspension of alumina, Trident polishing cloth with 3 lm suspension alumina, and finished by ChemoMet with 50 nm colloidal silica suspension for 4 hours. The EBSD results were collected using a FEI Quanta 600 scanning electron microscope (SEM) equipped with a field emission gun electron source (FEG) and an EBSD detector. The step size for all scans was 0.5 lm, and the acquired EBSD datasets were processed using the TSL-OIM TM software (EDAX Inc.).
A Hitachi HF-3300 STEM/TEM (300 kV) equipped with a Bruker SDD-EDS detector, a JEOL JEM-2200FS (200 kV) probe-corrected STEM equipped with a Bruker X-Flash detector, a JEOL 2800 STEM/ TEM equipped with an ultrafast EDS system (dual high counts SDD-EDS detectors), and an FEI Talos F200X S/TEM were used to characterize the microstructure of the Al 5456 alloy. TEM samples were prepared using a Gatan dimple grinder and a Fischione cryo ion mill operated at 3 kV, 5 mA, with an incident angle of 15 deg. Final cleaning was performed at 3 kV with an incident angle of 9 deg. ASTM-G67 mass loss testing was used to evaluate the IGC degree of sensitization in the samples.
SANS is a powerful technique which is able to provide microstructural information, in a non-destructive way, on structural inhomogeneities and compositional fluctuations present in alloys. In this study, SANS was performed at Oak Ridge National Laboratory (ORNL), High Flux Isotope Reactor (HFIR), and General Purpose Small-Angle Neutron Scattering (GP-SANS) instrument. [37] The size of the SANS sample is 1091091 mm; both sides of the sample surface (10910 mm) were ground using SiC polishing paper, finishing with 1200 grit. The as-quenched (AQ) sample was solutionized at 723 K (450°C) for 3 hours, and quenched in cold water.
The wavelength (obtained by a mechanical velocity selector) of the incident neutron beam is k=0.472 nm with a spread of 15 pct. The data were collected using a 1 m square 8-mm-diameter linear gas tube helium detector array, which was offset from the center in the y-axis (0.665m) in order to measure a larger scattering vector (q) range. The scattering vector magnitude is equal to 4psinu/k, where 2u is the scattering angle. The overall range of q is from 0.007 Å À1 to 0.7 Å À1 . The data were measured at two sample-to-detector distances (1.129 and 7.829 m), where the shorter sample-to-detector distance (1.129 m) is suitable to measure precipitates of small size (around 1 nm). The data collection times were 1800 seconds, and all SANS measurements were conducted at room temperature.
The SANS raw data were reduced to absolute scattering intensities dRðqÞ=dX after correction for transmission, background, and thickness using the package of routines developed at HIFR operating in the Wavemetrics Igor Pro software environment. Data obtained in the q range of 0.05 to 0.7 Å À1 were scaled to match the data acquired from the q range of 0.007 to 0.1 Å À1 to generate the combined curves.
III. RESULTS AND DISCUSSION
A representative EBSD result of the as-received Al 5456 H116 is shown in Figure 1 (a). All grains are elongated along the rolling direction, and the average aspect ratio of the grains is 0.12. Figure 1(b) shows the grain width ranges from 5 to 68 lm, and the average grain width is 13.3 lm. The grain boundary misorientation result is shown in Figure 1 (c), which reveals that most (~58 pct) of the grain boundaries are low-angle grain boundaries. Based on our previous research, [30, 38] Al 5456 H116 has smaller grain width, more high-angle grain boundaries, and higher mass loss compared with Al 5083 H116 aged at the same temperature for the same time.
Mg concentration, as shown by previous studies, [25, 39] plays an important role in the sensitization behavior of Al-Mg alloys. STEM-EDS measurements give average Mg concentrations in Al 5456 H116 of 5.2wt pct, which is within the normal range (4.7 to 5.5 wt pct) of commercial Al 5456. [40] For Al 5456 H116 aged at 343 K (70°C) for 1.5 months, a thin layer (3 nm) of Mg-rich precipitate (see Fig. S1 for EDS line scan results) was observed to form at matrix-pre-existing particle interfaces as shown by the inserted image in Figure 2 (a). The particle in Figure 2 (a) (highlighted by a yellow arrow) is rich in Mn and Fe (see Fig. S1 for EDS line scan results), which is an Al 6 (Mn) type pre-existing particle as reported in the previous research. [10, 25] Figure 2 (b) and (c) are the bright-field (BF) STEM images of Al 5456 H116 aged at 343 K (70°C) for 9 and 18 months, respectively. Mg-rich precipitates (indicated by arrows) are found to form on pre-existing particles as shown by inserted EDS mapping results of Mg. In addition, no Mg-rich precipitates were observed within the matrix of Al 5456 samples aged for 1.5, 9, and 18 months. , and the average precipitate size is 16.4 nm (in radius), which is much larger than the reported size of GP zones [35] (1.9 nm, Al-11.5 pct Mg, aged at 273 K (0°C) for 9 months) and b¢¢ phase [41] (4 nm, Al -10 wt pct Mg aged at room temperature for 550 hours) formed in Al-Mg alloy. Additionally, as shown in Figure 3(a) , the distance between these precipitates is larger than 50 nm, which is also larger than the reported distance between GP zones (12.5 nm in Reference 16 and 5.6 nm in Reference 42). Both of the reported values of size and inter-distance of GP zones and b¢¢ phases are smaller than our measurements of Mg-rich precipitates (including GP zone, b¢¢, and b¢ phase), which is attributed to the coarsening process of b phase as stated by T. Sato et al. Figure 4 (f). FFT result indicates that the precipitate has the same structure as Al matrix except for one extra refection (highlighted by an arrow), which could be caused by extra misoriented planes. Therefore, the precipitate in Figure 4 (e) could also be a GP zone. Figure 5 (a) and (b) are the high-angle annular dark-field (HAADF) STEM images and the corresponding EDS mapping results of a grain boundary obtained using a JEM 2800. For comparison, the same grain boundary was re-examined by FEI Talos F200X S/ TEM, and the HAADF and EDS mapping results are shown in Figure 5 (d) and (e). Mg-rich precipitates were observed to form at the grain boundary as well as on Al 6 (Mn-Fe-Cr)-type [10, 25] pre-existing particles as revealed by EDS mapping results in Figure 5 (b) and (d). EDS line scan results show that Mg concentrations of precipitates formed at the grain boundary and pre-existing particles (as highlighted by arrows in Figure 5 (a)) are close to 37 wt pct [see Figure 5 (c) and (f)], indicating b phase particles have already formed at these places. [25] In addition, EDS mapping reveals that 5 Mg-rich precipitates (as indicated by numbers) nucleate within the grain matrix, and the Mg concentrations of these precipitates are listed in Table II . Raynal and Roth. [35] reported that GP zones were found in Al-11.5 pct Mg alloy aged at 273 K (0°C) for 9 months using SANS, and the Mg concentration of GP zones was suggested to be 19 pct. In the decomposition process, GP zones will be replaced by b¢¢ phase (Al 3 Mg) with 22.86 wt pct Mg. [16, 17, 43] After aging at 448 K (175°C) for 15 days, b¢ phase (Mg concentration 27 wt pct) was observed at the grain boundary of Al 5083 H131. [25] As shown in Table II (see Fig. S3 for EDS line scan results), both the peak and the average (average over the size of the precipitate) Mg concentrations of precipitates 2 and 4 are less than 19 pct, which could be GP zones. The average Mg concentrations of precipitates 1 and 5 are very close to 27 wt pct, which suggests they may be b¢ phase. The average Mg concentration of precipitate 3 is close to 22.86 wt pct, indicating it could be b¢¢ phase. Figure 6 shows the STEM images and EDS results of a sample obtained from a navy ship in service for more than 10 years. Precipitates are found to form on pre-existing particles (Figure 6(a) ), at the triple junction of grain boundaries (Figure 6(b) ), and at grain boundaries ( Figure 6(c) ). The thickness of precipitates at the grain boundary is around 5 nm, and the grain boundaries do not appear to be fully covered by precipitates even though the ASTM G67 mass loss is high, as discussed later in the text. Figure 6(d) is the STEM image of two intergranular precipitates, and the corresponding EDS line scan results for one precipitate (highlighted by an arrow in Figure 6 (f)) are shown in Figure 6 (e). The Mg concentration of the precipitate is about 24.3 wt pct, which is consistent with b¢¢ phase. Thus, the precipitate in Figure 6 (d) could be b¢¢ phase. Extra reflections are observed along the (111) direction in the inserted FFT results as shown in Figure 6 (d), and one possible explanation is that these reflections are from b¢¢ (Al 3 Mg) phase off the right zone axis. To further identify whether Mg-rich precipitates form within the grain matrix of the navy ship sample or not, high-resolution STEM images were obtained, and one of them is shown in Figure 6 (f). No modulated structure, lattice distortion, or strain field [16] caused by aggregation of Mg atoms was observed within the grain matrix, suggesting that no GP zones had formed. Moreover, there are no super lattice spots appearing in the FFT pattern (inserted in Figure 6(f) ), which confirms no b¢¢ phase is present. Figure 7 compares the SANS results for the AQ, navy ship sample, and Al 5456 H116 sample aged at 343 K (70°C) for 30 months. The scattering intensity of the AQ sample represents Al 5456 H116 without precipitates in the matrix. For q<0.02 Å À1 , there is little change in scattering intensity for these three samples. The scattering intensity of the 30 months sample is larger than that of the navy ship sample and the AQ sample for 0.02<q<0.09 Å À1 . When 0.09<q<0.8 Å À1 , only the navy ship sample has scattering intensity observable above the background scattering intensity. The scattering intensity of SANS in our study can be described using a two-phase model of isolated precipitates in a homogeneous matrix. [44] The equation is given as follows:
where dRðqÞ=dX is the overall scattering intensity, Dq is the difference in scattering length densities of precipitate and matrix, n(R)dR stands for the number density of precipitates between R and R+dR, V(R) is the volume of precipitates, and F(q, R) is the form factor. Moreover, the item, kq À4 , is added considering of the effect of sharp interfaces between larger inhomogeneities (Al 6 Mn type pre-existing particle in this study) and matrix. A background, c, caused by scattering of compositional fluctuations is also added. The scattering length density of phase x is given as follows:
where q ms and M x stand for the mass density and molar weight of phase x, N A is Avogadro's constant, n i is the atomic percent of element i in phase x, and b i is the coherent scattering length of element i. [45] The coherent scattering lengths of Al and Mg are 0.3449910 À12 cm and 0.5375910 À12 cm, respectively, [46] and the corresponding scattering length densities of the alloy matrix (5.2 wt pct Mg), GP zone (for example, 12 wt pct Mg), b¢¢(Al 3 Mg, L1 2 , a=4.08 Å ), [16] b¢, and b phase [47] are given in Table III. As shown in Figure 3(b) , the precipitate size distribution n(R) can be described using a lognormal distribution function:
where n 0 is the precipitate number density, r is the standard deviation of the precipitate size distribution, and R a is the average size of precipitates. Based on Eq.
[3], the distribution of particle volume fraction is calculated as fðRÞ ¼ nðRÞVðRÞ. STEM images show that the Mg-rich precipitates are elliptical. For the sake of simplicity, precipitates are assumed to be ellipsoids with a semi-major axis R and two semi-minor axes 2lR, and l is the aspect ratio, which is equal to 0.6 for Al 5456 H116 30 months' sample, and 0.23 for the navy ship sample based on statistical results from STEM images. When the precipitates are randomly orientated in the matrix, the form factor, F(q, R), [45] for ellipsoids is written as follows: 
Fðq; RÞ
where F s (q, R) is the form factor for spherical precipitates with radius R, which is given as 
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The fitting results (solid lines) using Eq. [1] are shown in Figure 7 , and the v 2 test results of the navy ship sample are also inserted in Figure 7 , indicating good agreement ( P v 2 = 1.3) between the experimental and modeling results. For the AQ sample, the scattering intensity has a linear relationship with q À4 , indicating the scattering is caused by the sharp interfaces between large pre-existing particles and the matrix as stated by Porod's law. [45] The volume fraction distribution of precipitates obtained from SANS is shown in Figure 8 . The total precipitate volume fraction in Al 5456 H116 30 months' sample is 1.39 pct, which is much larger than that (0.36 pct) of the navy ship sample. In addition, the average precipitate radius in the Al 5456 H116 30 months' sample is 18.5 nm, whereas the size of precipitates formed in the navy ship sample (at the triple junction of grain boundaries, grain boundaries, and on pre-existing particles) is only 13 nm as shown in the inserted image in Figure 8 . The average precipitate radii obtained from STEM images are also shown in the inserted image in Figure 8 . The average radius obtained from SANS is slightly larger than that obtained from STEM for both Al 5456 H116 30 months' sample (16.4 nm) and the navy ship sample (12 nm); the difference can be due to the low Z-contrast of Al and Mg atoms which makes it hard to identify the Mg-rich phase of low Mg concentration regions formed at the edge of each precipitate by STEM.
The ASTM G67 mass loss test is often used to evaluate the sensitization degree of Al alloys. [7, 48] The results of ASTM G67 mass loss tests for Al 5456 H116 aged at 343 K (70°C) for different times are shown in Figure 9 . After being aged for 9 months, the alloy has already become fully sensitized, and the mass loss is 51.5 mg/cm 2 . The ASTM G67 mass loss of the navy ship sample is 53.6 mg/cm 2 , which is slightly smaller than that (55.9±4.7 mg/cm 2 ) of the Al 5456 alloy aged at 343 K (70°C) for 30 months, suggesting that the navy ship sample is also fully sensitized. Thickness and continuity (fraction of grain boundary covered by precipitates along the grain boundary, the detailed method to obtain continuity can be found in Reference 48) of the precipitates formed at the grain boundary of both alloys are listed in the table inserted in Figure 9 . The thickness of intergranular b phase of the navy ship sample is only one-fifth of that of the Al 5456 H116 sample (343 K (70°C ), 30 months), while the continuity of the two samples is close.
Mg-rich precipitates were observed to nucleate heterogeneously on pre-existing particles or at grain boundaries of Al 5456 H116 alloy samples aged for 1.5, 9, 18, and 30 months, while intragranular Mg-rich precipitates were only found in the matrix of the 30-month sample. In the navy ship sample, Mg-rich precipitates are observed at heterogeneous nucleation sites such as triple junctions of grain boundaries, grain boundaries, and pre-existing particles. This could be explained by the relatively lower activation energy needed for heterogeneous nucleation. For the case of grain boundary nucleation, the nucleation barrier, DG Ã het , can be estimated from the homogenous nucleation barrier, DG Ã hom , using the following equation:
where
2, and h is the contact angle. [49] Based on STEM results, [28] the value of h is around 20 deg, and the corresponding S(h) is calculated to be 0.005, indicating the energy barrier for nucleation at the grain boundary is only 0.5 pct of that for homogeneous nucleation. Therefore, Mg-rich precipitates prefer to form on heterogeneous nucleation sites.
In Figure 2 (d), Mg-rich precipitates were found around dislocations. Dislocations could possibly play two different roles in the precipitation of Mg-rich phases. First of all, dislocations work as segregation sites for Mg atoms. Three-dimensional atom probe results by Blavette et al. [50] show that oversized solute atoms tend to segregate to the dilated part of the dislocations (close to the dislocation core below the dislocation line), and the undersize solute atoms are likely to migrate toward the compressed regions above the dislocation line. Therefore, solute-enriched regions form around the dislocation. Furthermore, some solute atoms segregated around the dislocation line will continue to diffuse toward the dislocation core under the driving force produced by the strain field caused by the dislocation itself. [50] In this case, a solute-enriched area will form at dislocation cores. In the present study, an Mg solute atom on the substitutional site is 12 pct (r Al = 1.43Å , r Mg =1.60Å ) larger than an Al atom, which can cause lattice distortion. This kind of distortion can be released when Mg atoms segregate near dislocation lines. In addition, dislocation cores can also serve as fast diffusion paths for solute atoms. Zhu [25] and Goswami [10] have already observed the dislocation assisted pipe diffusion phenomenon in commercial Al 5083 alloys.
The aging temperature (environmental temperature) for the navy ship sample typically ranges from 278 K to 343 K (5°C to 70°C) during a day of outdoor exposure to sunlight. [48] The nucleation rate in the navy ship sample can be calculated using the standard BeckerDo¨ring [51] nucleation equation
where N is the number of nucleation sites per unit volume, Z is the Zeldovich factor, [52] and b * [53] is the condensation rate of the solute atoms. The fitted aging temperature (with a periodicity of 12 hours) for the navy ship sample is given in Reference [30] , and the other parameters used in Eq. [7] can be obtained from Table I in Reference 29. The average nucleation rate for the navy ship sample during an aging cycle is only 21 pct of that in the Al 5456 H116 alloy aged at 343 K (70°C). Moreover, the diffusivity of Mg atoms at 343 K (70°C) is 20 times faster than that at 318 K (45°C) [48] based on the diffusion activation energy [29] of Mg in Al. Therefore, both the radius and the total volume fraction of Mg-rich precipitates in the navy ship sample are far less than that of the Al 5456 H116 alloy sample (aged at 343 K (70°C) for 30 months).
Osamura and Ogura [17] identified the formation of GP zones in Al-Mg (4.64 wt pct) alloy by means of calorimetry and electrical resistivity measurements. Nozato and Ishihara [18] reported that GP zones were able to form in Al-Mg (7.6 at.pct) alloy. However, other researchers [19] have suggested GP zones can only form within Al alloys of higher Mg concentration (>13 pct). Our EDS results (from both Talos and the JEM) combined with TEM images indicate that GP zones and b¢¢ phase are able to form in Al 5456 H116 alloys (5.2 wt pct) aged at 343 K (70°C) for 30 months. Two different b phase precipitation sequences have been reported in previous research. [16, 17] For Al alloys of Mg concentration close to 10 at.pct, [17, 41] GP zones nucleate first, then transform into b¢¢, and b¢ phases gradually. However, b¢¢ phase will form directly within the grain matrix of Al alloys of Mg concentration higher than 20 at.pct during the aging process. [16, 17] In the present study, GP zones, b¢¢, and b¢ phase are observed in Al 5456 alloy aged at 343 K (70°C) for 30 months, indicating that it follows a precipitation sequence similar to the first type.
Considerable previous research reported that Mg-rich phases (including GP zones and b¢¢ phase) tend to distribute periodically along certain directions ([200] and [220]) within the grain matrix, [16, 41] and two mechanisms, homogeneous nucleation and spinodal decomposition mechanisms, [16, 35, 41] were applied to explain this phenomenon. However, Mg-rich precipitates in Al 5456 H116 alloy aged at 343 K (70°C) for 30 months were not found to distribute along a specific direction. One possible explanation is that Al-Mg alloys used in previous research were cast alloys without further mechanical work, while Al 5456 H116 is a wrought alloy which has more dislocations. Consequently, Mg-rich phases in Al 5456 may preferentially nucleate on sites like dislocations [as shown in Figure 2(d) ], which have low energy barriers [49] and are widely distributed within the grain matrix. [24, 25] The nucleation precipitates associated with dislocations have also been observed previously in Al 6xxx [54] and 7xxx [55] alloys. During the ASTM G67 mass loss test, Al grains fell off the bulk test sample once the surrounding intergranular b phases were totally dissolved, which caused most of the final mass loss of the test sample. Previous research [30, 56, 57] reveals that a higher Mg concentration, smaller grain size (<1 lm), and more high-angle grain boundaries lead to a shorter time for Al 5xxx alloys to become fully sensitized, which corroborates the faster sensitization rate of Al 5456 H116 compared with that of Al 5083 H116 alloy aged at 343 K (70°C). [30] Furthermore, the relationships among ASTM G67 mass loss and continuity and thickness of intergranular b phase were also investigated by many research groups, [30, 58, 59] and a linear relationship between mass loss and continuity was assumed. [30] The navy ship sample and the Al 5456 H116 sample (343 K (70°C) for 30 months) are the same type of alloy, but aged at different temperatures for different times. Even though the thickness of the intergranular b phase is very different, they have similar mass loss (see Table in Figure 9 ), indicting continuity is more critical to the sensitization of Al 5456 H116 alloy.
IV. CONCLUSIONS
In summary, Mg-rich precipitates are found to form heterogeneously on pre-existing particles and grain boundaries in Al 5456 H116 sample aged at 343 K (70°C) for 1.5, 9, 18, and 30 months. Mg-rich precipitates are found on pre-existing particles of Al 5456 H116 samples aged for 1.5, 9, and 18 months. GP zones, b¢¢ and b¢ phases are observed to form within the matrix of Al 5456 H116 aged at 343 K (70°C) for 30 months. The average radius of Mg-rich precipitates is 18.5 nm, and their total volume fraction is 1.39 pct for Al 5456 aged at 343 K (70°C) for 30 months. b¢ phase is found to form at the grain boundaries of the navy ship sample, and no intragranular Mg-rich precipitates are observed using STEM. Continuity results of intergranular precipitates combined with ASTM G-67 mass loss data reveal that continuity is more critical to IGC of Al 5456 H116 alloy than thickness of intergranular precipitates.
